Mitochondrial NADH:ubiquinone oxidoreductase (complex I) from bovine heart is a complicated multisubunit, membrane-bound assembly. Seven subunits are encoded by mitochondrial DNA, and the sequences of 36 nuclear encoded subunits have been described.
INTRODUCTION
NADH:ubiquinone oxidoreductase (complex I) from the inner-membrane of bovine heart mitochondria is a multi-subunit, membrane-bound, L-shaped assembly with a molecular mass of over 900 kDa (1) (2) (3) . Complex I catalyzes the first step in the electron transport chain (4, 5) , the transfer of two electrons from NADH to ubiquinone, coupled to the translocation of four protons across the membrane (6) . The primary electron acceptor is a non-covalently bound flavin mononucleotide (FMN), and electrons are transported through the assembly to bound ubiquinone via iron-sulfur clusters (1) . A total of 43 subunit sequences for complex I from bovine mitochondria have been reported (2, 7) . Seven are products of the mitochondrial genome (8) and the rest are encoded in the nucleus and are imported into the organelle from the cytoplasm. Prokaryotic complexes I are simpler assemblies of 13-14 subunits that contain an equivalent set of redox cofactors (9, 10). These subunits correspond to the 14 'core' subunits of eukaryotic complex I (1), which include the seven subunits encoded by mitochondrial DNA.
Saccharomyces cerevisiae has no complex I, but progress has been made in characterizing the enzymes from Neurospora crassa (11) and Yarrowia lipolytica (12) . So far, 28 subunits of the complex I from N. crassa have been sequenced (13) . Four of them have no known bovine homologues, and 16 bovine subunits have no known homologues in N. crassa.
Characterization of the N. crassa enzyme is incomplete and so a comprehensive comparison is precluded. In eukaryotes, the subunit composition of complex I is defined best by direct analysis of the purified protein complex. In the work described here, proteins that copurify with the intact complex, and its subcomplexes, through several different purification steps, are considered to be bona fide subunits. In addition, the existence of homologues in complex I from other species provides strong corroboration that a subunit is genuine.
It is likely that the 14 conserved core subunits of complex I will provide the key to understanding the redox and proton translocating activities of the enzyme, but other 'peripheral' subunits in the mammalian complex may carry out additional functions. For example, the 39 kDa subunit has a nucleotide binding site (14) , subunit SDAP is an acyl carrier protein (15, 16) , the 18 kDa subunit may be phosphorylated (17, 18) , and subunit B16.6 has been implicated in the interferon-β-and retinoic acid-induced pathway of cell death (2) . Thus, some subunits may have regulatory roles, and be implicated in human diseases that arise from complex I dysfunction (1) . Moreover, a comprehensive knowledge of subunit composition will be crucial for the accurate interpretation of high resolution structural data.
Evaluation of the subunit composition of complex I from bovine heart mitochondria is complicated by the large number of components, particularly as many subunits have masses below 25 kDa and modified N-termini. This paper describes the extensive re-investigation of the nuclear encoded subunit composition of bovine complex I. Subunits were separated using 1 and 2D gel electrophoresis and reverse-phase HPLC purification, and identified by mass spectrometry. To aid the analysis, complex I was resolved into subcomplexes Iα and Iβ (19, 20) .
Two new subunits have been identified, one in each subcomplex. Their sequences were established by cDNA sequencing, and the two subunits were named B14.7 and ESSS, in accordance with established complex I nomenclature (1). Subunit B14.7 has an acetylated Nterminus. It is a homologue of subunit 21.3b in complex I from N. crassa (21) , and is related to three proteins, Tim17, Tim22 and Tim23, which are involved in protein translocation across the inner mitochondrial membrane (22, 23) . A mitochondrial import sequence has been cleaved post-translationally from the mature subunit ESSS, which is homologous to human neuronal protein NP17.3 (24) .
EXPERIMENTAL PROCEDURES.

Preparation of complex I and subcomplexes Iα and Iβ from bovine heart mitochondria -
Mitochondria were isolated from bovine hearts (25) , and mitochondrial membranes were prepared by disruption with a Waring blender (26) . Complex I was purified according to Sazanov et al. Protein concentrations were determined by the BCA protein assay (Pierce) using bovine serum albumin as a standard. Unless otherwise stated, all chemicals were purchased from Merck and were of analytical quality.
Gel electrophoresis and N-terminal sequence analysis -1D SDS-PAGE was performed as described previously (2) . For 2D electrophoresis the first dimension isoelectric focusing (IEF) separation was carried out using an IPGphor (Amersham Pharmacia Biotech) and 7 cm immobilized pH gradient (IPG) strips (pH 3-10 or 6-11). To a sample of complex I (∼60 µg, ∼1 Focusing was carried out at 20 ºC using the following steps: pH 3-10 gel, 250 Vh (max. 500 V), 500 Vh (max. 1000 V) and 8000 Vh (max. 8000 V) or pH 6-11 gel, 250 Vh (max. 500 V), 500
Vh (max. 1000 V) and 24,000 Vh (max. 8000 V). Then the IPG strips were equilibrated using two changes of buffer containing 50 mM Tris-HCl pH 8.45, 6 M urea, 30 % glycerol, 4 % SDS, and a trace of bromophenol blue. The first portion of buffer contained an additional 1 % DTT and in the second DTT was replaced by 2.5 % iodoacetamide. The second dimension gel consisted of an SDS 13 % polyacrylamide gel (27) . Proteins were stained with 0.1 % colloidal Coomassie G250 in 3 % phosphoric acid and 6 % ammonium sulfate. Protein transfer to Immobilon P membranes (Millipore) and N-terminal sequence analysis was carried out as described previously (2) . Purification of subunits and molecular mass measurements -Proteins were fractionated from subcomplexes Iα and Iβ by reverse-phase HPLC using an acetonitrile gradient in 0.1 % TFA, on an Aquapore RP-300 column (PerkinElmer Life Sciences), and their molecular masses were measured by electrospray ionization mass spectrometry as described before (2, 30) .
Amplification and sequencing of bovine cDNA -Total bovine heart cDNA was synthesized using a SMART PCR cDNA synthesis kit (CLONTECH, Palo Alto, CA) and amplified by PCR using Expand DNA polymerase (Roche Diagnostics Gmbh, Mannheim, Germany). At the 5' end of the cDNA, primer F4 (TAGAAGCTTGAATTCGGATCCCGCAG-AGTACGCGGG) was used for amplification, at the 3' end a reverse oligo(dT) primer (R4) was used.
For subunit B14.7, primers corresponding to the 5' (B14.7F1) and 3' (B14.7R1) ends of the protein sequence, derived from cDNA sequence AV663999 (bovine EST database), were synthesized and used for cDNA amplification. The PCR product was cloned into a pET vector, and colonies identified by PCR screening were used for sequencing. This confirmed the sequence of bases 75 -457. Then four further primers, B14.7F2, B14.7F3, B14.7R2 and B14.7R3, were synthesized. Primer B14.7R2 was used with F4 to amplify an initial product, which was used as a template for a second reaction with the primers F4 and B14.7R3. The product was sequenced directly, providing sequence of base 101 to the 5' end. Similarly, primer B14.7F2 was used with primer R4 to amplify an initial product, which was used as a template for a second reaction with R4 and B14.7F3. Again, the product obtained was sequenced directly, providing sequence from base 418 to the 3' end.
For subunit ESSS, primers corresponding to the 5' end (ESSSF1, GGCAGTAGCGGCG-ACGCGAGG) of cDNA sequence BF045999 (bovine EST database) and the C-terminus of the protein (ESSSR1), determined from the same cDNA sequence, were synthesized and used for cDNA amplification. The PCR product was cloned into a pET vector, and colonies identified by PCR screening were used for sequencing. This confirmed the sequence of bases 1 -381. Then two primers, ESSSF2 and ESSSF3, were synthesized, corresponding to sequences upstream of the C-terminus of the protein. Primer ESSSF2 was used with primer R4 to amplify an initial product, which was used as a template for a second reaction with R4 and ESSSF3. Direct sequencing of the product provided the sequence of the cDNA up to and including the 3'-poly(A) tail. They migrate in the congested region of the gel below 25 kDa, and moreover they stain poorly with Coomassie blue dye. However, subunit ND4L was identified by mass spectrometric analysis of the CNBr digest of a gel band, and the position of ND6 was determined with a polyclonal antibody (data not shown). Subunit MLRQ was not detected by analysis of 1D gels.
RESULTS
Analysis of complex I by SDS-PAGE -
A description of the comprehensive analysis of the subunit composition of complex I will be presented elsewhere. Construction of the consensus presented in Figure 1 was aided by analyses of the two subcomplexes, Iα and Iβ; all subunits identified in the subcomplexes were found also in intact complex I. The positions of two hitherto unidentified proteins, B14.7 and ESSS described below, are shown in Figure 1 . (Table I and Figure 3 ). The same protein was identified in 2D gels of subcomplex Iα, and in 1D gels of complex I (Figure 1 ) and subcomplex Iα. Subunit B14.7 co-migrates with subunit ND3 in 1D SDS-PAGE gels, and stains only very weakly with Coomassie blue dye; both proteins are highly hydrophobic. However, subunit B14.7 stains clearly on 2D gels, in which it has been separated from subunit ND3, indicating that subunit ND3 suppresses the staining of subunit B14.7. The sequence and mass information was used to identify a bovine EST (accession number AV663999), which was used as a starting point for cDNA sequencing. The complete cDNA sequence and the corresponding protein sequence are shown in Figure 3 . Subunit B14.7 was not recovered from reverse-phase HPLC experiments and its intact protein mass has not been measured. No N-terminal sequence was obtained by direct sequencing, showing that the protein has a modified N-terminus. This was confirmed by recovery of the N-terminal peptide from an Asp-N digest and sequence analysis by tandem MS (see Figure 4) , which demonstrated that Ala-2 is Nα-acetylated. Thus, the preceding methionine is likely to be the translation initiator. Subunit B14.7 is a homologue of the complex I subunit 21.3b from N. crassa (21) ; both proteins have similar hydrophobicity profiles with four possible transmembrane spans (see Figure 5 ). This suggests that subunit B14.7 is part of the membrane arm of complex I, a location reported previously for the N. crassa 21.3b subunit (21) .
Subunit ESSS -Subunits of subcomplex Iβ were separated by reverse-phase HPLC as shown in Figure 6 . Each subunit was identified by measurement of its intact mass using ESI-MS. In addition to the 11 known nuclear-encoded subunits of the subcomplex, two unknown masses were observed reproducibly in analyses of different preparations of this subcomplex. Bovine subunit ESSS is 86 and 69 % identical, respectively, to the mouse and human homologues (mouse: Q9D9S8 and Q9CQ68; human: Q8WZ96 and Q9NX14). It is predicted to contain one transmembrane spanning α-helix between residues 58 -80.
DISCUSSION
The subunit composition of complex I from bovine heart mitochondria -Subunits B14.7
and ESSS are the 44 th and 45 th subunits of complex I from bovine mitochondria to be identified and sequenced. One further protein mass of 10,566 Da has been observed reproducibly by ESI-MS analysis, but despite several attempts this subunit remains unsequenced. Therefore, from this comprehensive and integrated experimental approach it appears that complex I from bovine heart mitochondria is an assembly of 46 different subunits. Assuming that the assembly contains one copy of each subunit, its total protein mass is ca. 980 kDa. The assignment of subunits B14.7 and ESSS as bona fide subunits of the complex is justified for several reasons. First, the subunits have been identified in both intact complex I, and one or other of its two subcomplexes, which have undergone additional steps of purification after splitting the pure complex. Second, exhaustive investigation of the composition of these samples has revealed only a small number of known impurities, in some preparations, which are present at much lower levels than the established subunits of complex I. Third, subunit B14.7 is a homolog of subunit 21.3b from complex I of N. crassa (21) . Subunits B14.7 and ESSS both have features which have made them difficult to detect.
They both have masses below 25 kDa, and therefore they are not identified easily from 1D gels of complex I (Figure 1 ). They are both hydrophobic proteins, and are difficult to observe in 2D gel analyses, though the inclusion of the detergent ASB-14 has now revealed subunit B14.7. Subunit B14.7 has not been recovered from reverse-phase HPLC columns, and has a modified N-terminus which cannot be sequenced directly. Edman degradation of subunit ESSS is inconclusive as the phenylthiohydantoin derivatives of serine (residues 2 -5) especially, but also arginine (residue 6), are obtained in low yields relative to those of many other amino acids. Subunits B14.7 and ESSS have now been identified during a comprehensive re-investigation of the subunit composition of bovine complex I. Two technical advances have aided this reanalysis. The use of immobilized pH gradient strips has allowed more subunits of complex I to be focused than was possible when tube gels were used, and the use of tandem MS has been crucial for generating peptide sequences. It is unlikely that additional subunits of complex I from bovine mitochondria remain to be discovered.
Relationships between complex I from bovine heart and N. crassa -The bovine heart enzyme is the only eukaryotic complex I to have had its subunit composition analyzed comprehensively. The enzyme from N. crassa mitochondria has been studied, but the analysis of its subunit composition is incomplete. So far, the sequences of 28 subunits have been determined, and three additional sequences in the N. crassa genome are homologous to bovine subunits (11, 13) . Currently, 17 of the 45 bovine subunits (including subunit ESSS) have no N. (34, 35) . The corresponding subunits of the bovine heart cytochrome bc 1 complex display MPP activity as well, but process only the precursor to the Rieske protein. The cleaved import presequence, subunit 9, is retained in the MPP active site and inhibits further activity (36) (37) (38) . It is possible that subunit B14.7 of bovine complex I is involved in protein import, perhaps even functioning in the import of the 13 complex I subunits that have no cleavable mitochondrial import sequence.
Bovine subunit ESSS is 86 and 69 % identical, respectively, to human and mouse proteins in current databases. Both of these homologues have mitochondrial import sequences.
Previously, the mouse and human proteins have been designated as neuronal proteins (NP15.6 and NP17.3, respectively) and are proposed to have a short half-life conferred by their PEST sequences (24) . However, the PEST region identified in these two proteins (PEST scores 19.7 and 9.7 respectively) is formally invalidated in the bovine homologue by an internal arginine at position 25 (39) . Potential PEST sequences are found also in the 24 kDa (residues 10 -28) and B15 (residues 9 -28) subunits of bovine complex I (PEST scores 10.7 and 6.0 respectively). Table I .
Identification of peptides from subunits B14.7 and ESSS by tandem mass spectrometry.
Deduced sequences are underlined (I and L being isobaric are indistinguishable). B14.7 peptides T3, T6, T12, T3-4 (residues 7-20) and T9 (residues 81-103) and ESSS peptides T4, T6, T13, T3 (residues 18-25) and T5-6 (residues 41-59) were detected also by MALDI-TOF MS. 
